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'ABSTRACT

Coulomﬁ,excitation, when done at low enoﬁgh 5ombarding
energies éo.that Quclear interaétions do not interfere, is.a use-
ful method for determiniﬁg.nuélear'electrié moments. With heavy
ions, multiple eicitation processes predominate, éllowing the
determination of the moments of moré Statés; But'so many.levels
may be involved, that.the caiculations become quite complicated.
Since a.semi—classical theory is usually employed,'éuantal coffec-
tions must éléo be considered. Nevértheless, accuracy of a few
percent in B(E2) values can be obtained. Static qaudrupole
moments for the first 2+ state in many even-even nﬁclei have been
measured, although some ambiguities femain; Recentiy a number
of Ek moménts have Eeen'determined; épd they’appear.fo Be quite

large, "~ 100 B(kh)sp.
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| E2 STATIC MOMENTS AND E2, E4 TRANSITION
- MOMENTS BY COULOMB EXCITATION

R. M.vDiﬁmond
INTRODUCTION
Coulomﬁ excitation is the process in which twoiéolliding
nUciei‘excife each other via the rapidly dhanging électfomagnetic

field between them. If the nuclei do not approach close enough

to‘éllow the nuclear forces to act, the process is, in principle,

completely understood.. Certain nuclear moments can be deter-

mined from the eicitation Yields; namely the electric moments, and

indirectly, M1 moments. In particular, this method has contributed

greatly to ouf‘knowledge of ground—band quadrupole méménts.
Reviewélf3~on-the theory §f Couiomb excitation should be
consulted fgr mathematical details, but the factors governing the
(classical) excitation process can be seen from the first figure.
Passage of the projectile (asSpmed a point charge so that cnly
monopolé—mgltipole intereactions are considered) produces a torque
on the deformed target nucleus via the létter's multipole moﬁents.
2Ta

If the time of passage of the projectile by the target Tc ~ —;-is

short compared to the characteristic time of the mode of nuclear -

27h aAlR

'excitatiOn, Tox V—— that is, if he £<<1, the target nucleus

AE

feels an impulse and after the collision begins to rotate (or

vibrate),in'the excited state. But if £>>1, the target nucleus

-
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turns during the collision, following the moveﬁent of the projec-
tile adiabafically, and results in a vanishing probability of

excitatiqn. With a given projectile-target system,Aa dec¢rease in
the value of £ can oﬁly be achieved'by increasing thé'bombarding

energy, but such an increase conflicts with the classical condition
- 2,Z,e

. . hvy v 7 _
nuclei well apart. The resolution of this conflict is important

that n = >>1, namély thaﬁ the Coﬁlombvintefaétion keeps the
in setting the COnditions for an actual Coulomb excifation experi-~
ment andrshould always be kepf in mind. It is alsovc1ear from
Fig. 1, at least qualitatively, that the probability of Coulomb
excitation in greater, the larger the electric mbment of the
.targef and“the larger the charge on‘thé préjectile,.as well as the
higher thé’Velocity between them. Finally, the condition n>>1 and
the furthgr.aséﬁmption that the energy of the excited state is
small compared to the kinetic energy of the projéctilé allows
approximating the partiéle orbit as a>classi§al hyperboiic
trajectory; |

For studies involving_protons as projectiles the probability
of excitation is small, and.only one or two states are usually
excited. But with heavy ions.of large nuclear chafge, excitation
protabiiities may become large, so that in a singié éollisioh'

several quanta may be exchanged. In such multiple excitation of>

[N
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the target, several states, igclﬁding those'of-éonsiderably'dif-
ferent spin, may be gxcitéd. The érocess is complicatéd,'as‘a'
particular state may be made directly, or as thé.résult of séveral
exciﬁationé and de-excitations, gnd so_itslprobability ﬁay no
longer'increase'withvbombardiné energy, but may show an éscillaf

ting behavior.?

EXPERIMENTAL METHODS AND ANALYSIS
The experimental yields of Coulomb-excited states can be
obtained by two general techniqﬁesf 1) detection'of the scattered

particlés_and determination of»the inelastic yield with respect to

' the elastic cross section; 2) determina§ibn of;the yield of de~

exciting gamma rays (conversion electrons), someétimes in coineidence

- with scattered particles. The first method is the more straight-

forward one, and has the advantages that each projectile group

corresponds to the excitation of a definite level and that the

ratio of the yield to that of Rutherford scattering is a direct

measure of the cross section for that level. A difficulty is that
sepérgﬁion of the inélaétic peaks from the moré iﬁtense elasticv
oné'may require very high ¢nergy reSOIﬁtionsxtaxiﬁé the limits of
preseni—day.solid—state detecﬁors, or more-usuaily; magnetic

spectrometers. 1In addition, high resolution requires beams of

gbod energy homogeneity and thin targets, 'and the latter requirement
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may become a severe limitation with very heavy pfojectiles. For
example, for backward scattering a 10 mg/cm2 target of Sm.will
contribute "4 keV for a 10 MeV hHe beam, 160 keV for a 100 MeV
qur beam, and 570 keV for a 330 MeV 132Xe beam. Also because
the cross sectlons for elastlc scatterlng are so large; even small
amounts of 1mpur1t1es in the target may glve rlse to 1nterfer1ng
- peeks in the spectrum. |

‘The detection of the de—exciting gammaurays:fqllewing Coulomb
excitation offers the advantages of the very good.ehergy resolu-
tion of'Gevdetecters ("2 keV) and, because of the posslblllty of
using thicker targets hlgher countlng rates aFurthermore, these
- features are not affected when using very. heavy nrojectlles (with
the exceptlon of the possibility of Doppler broadenlng of the pesaks
of very fast transitions because of the 1n1tlally large veloc1ty
of the rec0111ng nuclel). In addition,»the beam need not have
very good energy homogeneity, at least to the'éoint'where the energy
spread corresponds to a‘measureble chenge~in the eicitation cross
section..Hewever,a disadvantage is that there islne simple way to
normalize the yields, as for examnlé to'Rﬁtherford scattering with
the varticle detection method, and so a number of callbratlon cor-
rectlons must be made. These‘lnclude corrections fqr detector
efficiency and geometry,-targetnthieknese,-and beam stopping poﬁers.

The beam current must be determined, as also must the gamma-ray
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angular distribution. If the nucleus recoils into vacuum from a
relatively thin target, then the deorientation of the gamma~-ray

angular distribution by the hyperfine field ofvthe unpaired electrons

_acting on the nuclear magnetic moment must also be determined. 1In

addition, the modes of decay of the'excitédylevél, i.e., branched.
or cascade gé@ma—ray deéay,bconversion electrons;‘efc.3'must bé
known or determined in order to obtain ébsolute yields from gémma-
ray measurements. An importanf'andvcommbh variant on the gamma-ray
technique, especially fér multiple excitation, isvto observe the
de-exciting gammé—ray cascade invcoincidence with backward-
scattered particles.  The advantage of fhis methodtis that in
multiple excitation the baék-scattéred'particlevhés the highest .
probability of exciting the targetvnucleus, and_scaling these
particles allows ncrmalization to Rutherford sdatteriﬁg.

| A problem common to all methods of detecting‘Cqulomb excita-
tion is the comprdmise necessary between the conditions n>>1 and -
£<1 mentioned éarlier. Since the.excitation prcbability rises
strongly with bombarding energy; it is desirable td work as'neaf
ghe Céulomb bérfief'éé péssiblegvtut one must theﬁ sﬁow‘that

interference with nuclear inelastic scattering is not occuﬁring.
5=13

A number of such studies have been performed, usually comparing

. the ratio of elastic or inelastic scattering near 180° to Rutherford.

‘The resulting enpirical rules for estimating the nmaximun safe
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bombarding energy have -the form

. }7hhzlzg A, . : :
E__ = 1/3 1/3 1+ -—-—) | (1)
- max ‘rO<Ai o+ A, )t( Ayl R
where'ro equals 1.2 or 1.25 fm and t is chosen betwegh 5 and 6 fm.

’This.corfesponds to lower energies'than_SUggestéd:gs_safe pre~
vidusiy.s: | ‘ “

Onée‘fhe Coulomb excitafibﬁ measurement has been performed
and the experimental'yieidS'ﬁave been determihéd;,hpw.then aré the
moments éxtraéﬁed from these datéf"lf only'avsingle-stép‘exciﬁa;
tioﬁ~is invoivéd (a high;iyiﬁg'energybleVél excited ﬁy a liéht
projectile, so that the excitation prébébility isvsmall), the
reduced fransistion moment , B(EA), is direétl& érdpoftional to
the croés section and may be évalﬁatéd employing fﬁe'semi—claséical
‘or‘quahtum‘mechaniéal éxpreséiéns given in ref. 1. For multiple
excitations, itvis nécéssaryﬂfq uSe higherforder pérturbation
expressions, or more usually thé deBber—Winther computer.
Program;lu This‘code, a semi-classiéal célculation, §olves the
lset of coﬁpled différéntiél equations in the>ti@eedépendenf
amplituaes'of a‘finite'numbér of nuélear staﬁesfféached dufing
‘the collision. The nucleaf matrix elements'conneéting all tﬁe'f
levels being consiaéred must be used as input daté, and then the
'programvéomputes thebexcitation probabilitiés_andicross sectidn

and the angular'distributions of
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the de-exciting gamma rays. lif the values of all the neééssary
matrix elements but the one(s) of interest aré known-froﬁ other
experiments or.caﬁ be estimated acéurately enough , tHe remaining
one(s) can be detefmihéd frqm-a coﬁparison of the calculated and
experimental yields;->Clearly if one uses incOrrecﬁ values of the
other matrix eleﬁenté, or leaves out important ones (for example,
eleﬁenﬁs_éonnecting the statgs of intere;t-withvhigher—Lying levels
such és B- or y- vibrational bands or octupole bands, or elements
of hiéhé; multipoie moﬁents), or>is not dware,of‘other processes
leading to population of the stéﬁes of interest'(for examplg,
feeding by‘gamma decay‘frpm higher-lying levels,iOr By virtual
excitatién thfough_intermediaté states, such as E1 polarization of
the target, or by simultaneous excitation of the projectile and
target), or is not justified in using the semi-classical theory,’

the moment determined wili be-in error.
RESULTS

" E2 Voments : » : . . _
One of the earliest systematic results of Coulomb excitation.

by p and o beams (single excitation) was to indicate that the
R S | . L ‘ N

first excited 2 state in even-even nuclei. of the rare-earth region

- showed a minimum energy when the number of neutrons and protons

was between racic numbers, and that these low-lying states had

very large guadruvnole transition moments connecting them to the

ground state. This was beautiful confirmation of the collective
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rotational.modeIVOf Bohr and Mottelson.ls In recent years, as
heavier iuuslhave bocome availéble'as'projectiles, multiple'Coulomb
excitation processes have beéqme possible, and.oneAtype of study
has dealt with the excitation of higher spin stéﬁes in the ground
band. The determination of the B(E2) values in this band makes it
poésible to étudy dey%ations from'fﬁe rigid-rotor ﬁbdel.:'That'is,
although thévenergyﬂiével spacingévof well—defprmed even-even
nuclei in the fare—garth and éctiuide regiuns do conform generaliy
to the expreésion fdr ﬁhe rotor model, E_ =

I

known that, in detall they dev1ate from thls 51mple expre551on

AI(I+1), it is well

by a small amount whlch gets larger, the hlgher the spin, and the
further the nucleus is from the center of the well deformed reglon.
It is of 1ntere°t to determine whether the B(E2) values for the
ground bands; and hlgher bands, of such nuclei ¢onform to the pre-
dictions of a similarly'Simple expreésion‘of the rotor model ,.
B(E2; I-I-2) = B(EZ; 20) (1020]1-2 2> , - (2)
3 . (202000
or also shbw'deviations, Determining this -is far more difficult
than measuring the ehergies,vfor whereas it is éasy to measure

gamma-ray energies to a few tenths percent, one must work quite

hard to make Coulomb excitation yield measurements to a few percent.

Since the deviations are expected to increase with spin as ‘some
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power of the latter,‘it is helpful to measure the B(E2) values to

as high'a‘spin:as possible. One way to indicate the deviations

in the grouhd-band‘transition moments is by means of the parameter

G,
B(E2; I+I-2) = B(E2; 2+0) L1020 1‘22>
' ~<2020]00
(3)
« )1+ II(141) + (1-2)(1-1)1] 2
' 1+ 30
Thus, for example, a study of multiplé Coulomb excitation of
' thevground—state'bands in'l66Er and 172,17k 176Yb t6 the 8 level

was. performed with He and.lSO beams, using gamma-ray detection in
coincidence with'back4scattéred projectiles.16' Results were cal-

culated by means of the deBoer-Winther computer program, and the

“ values of o derlved from the B(E2)'s measured’ are shown in Table 1.

On a 31mple model it is also possible to relate o to the energy-

level deviations by .o = -B/A,where E, = AI(I+_1) + BI2(I+1)2. The

+ + L+ ' ‘
values of -B/A determined from the 0 » 2 , b states are also shown

in,Tablevl. The small positive values of the order of (0.5 + 0.1)

X 10_3 1ndlcatc that these nucle1 are all good rotors. But the";f

(u2) values- lead to larger- negatlve values of a namelv
(a) v (-1.4 + 1.0) x 10 3; Thls would indicate,centrifugal

shrinking of these nuclei with increasing spin;:and would suggest:
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that different processes are'responsible for the.energy‘level
deviations than for the changes.in transition momehts; The resolu—
tion of this problem appears to lie in. the use of the semi-classical
theory; altHough n o 50 for the l60 eXﬁeriments, fhe'oﬁantal cor-
rections for the'higher.spin states produced by multiple excifation>
are not'hegligible. The large value of n only 1nd1cates that this
correction for a single-step exc1tat10n the 0 +2 tran51t10n, is
small...ﬂo exact corrections are available for these particularv.
third and fourth order cases, but estimates made from cases given _
in the literature indicate that the qQantal corrections'will
_ increase the B(E2) values enougo to correspona'fo Ad = +1 x 1073
and thus to bring <a) for these nuclei to essentlally zero.l'?’.l8
To the several percent accuracy of these experlments, the tran31t10n
moments for these nuclel appear to follow the eXpression for a rigid
rotor. But clearly, to obtain. more accurate E2 tran51tlon moments,
better‘quantal correctlons;g will be just as 1mportant as better
experimental yields.

Much larger (positive) values of —B/A are giren by lSO_

152Sm, and lSqu the 80-neutron nuclel that mark the onset of

’v»

deformatlon as one leaves the reglon of the 82 neutron magic number.

3

In these nuclei the.p~vibration band also lies quite low (Vv 680 keV)
so that appreciable f-band mixing into the ground bahd (centrifugalb'

stretching) night occur.' Several groups have measured ground—band

. 15
B(E2) values in 152 €m by, multlple Coulomb excitation and the results
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are given in Table 2 in terms of an average o, {a). Only similar

0 experiments 1nvolv1ng garma-ray detectlon in c01nc1dence with
back—scattered particles are 1ncluded 16 »20,21 - and it can be seen
that there is general agreement, but with some.varietion in the
values obtained byithe different grouﬁe. It is net clearlwhether‘
these dlfferences are experlmental or. because the rarlous groups
have treated the correctlons dlfferentlyvand have used a different

number of states in the calculation. A1l groups mentioned'that the

quantal correctlons were an unknown but hopefully small, quantlty,

~we still do not know the exact value, but it now seems that it is

not so small and is equivalent to about an‘inéreaee of 1 invthe
first thrée values of o listeu iﬁ'Table 2. ‘The'statee.we heve
included in our'caleulationel are shown in Fig. 2; those"whose
energies are listed in parentheses are estimated.‘ The effects of
the various corrections made in our calculation‘en‘the reduced
tran81tlon moments are shown in Table 3: on the whole they ere
small, but not negllglble It can be seen that the calculation of
these quadrupole tran51tlonvmoments in the ground band of lSESm is
not a‘coﬁoletelv‘straihhtforwerd procedure if aCcuraciee ofvthe_
order of a few nercent.are de51red ~ Such eceuracy is probably g
“0581b1e 1; the effects of all 1nbortant hlgher bands (both from‘ 

multlple{excmtation.andvfrom decay after excitation), hlgher

wu‘tpoWe rorents in the ground band, quantal correctlons, and El
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polarizatibn are included.
EL Moments.
The realization‘thaf the EM moment was impoftaﬁt came because

152

we obtained different values of (&) when the Sm target was’

Coulomb excited with other projeétiles besides 160, namely hHe and
hQAr. The value of a for hoAr excitation was smaller, (o) = (+0.7
e S ‘ 21 . -
* 1.1) x 10 ~, while that for He was much larger.”" We do not
yet‘know the reason for the difference between 16O'and hoAr, but

16

the hHe - 0 difference was so large as to indiéate that SOmei

physical feature had been leff out of the calculation. To tfy.to
decide which of the answers was cbrrect, if either, an‘independent.
determinatioﬁ of the ;SESm.groundébande(Eé) values was perfdrmed
using‘thé recéii—distance Doppler;Shift technique;zg Cdulomb ex-
¢itation is-used to excite the levels, but Couipmb.excitation theory
and its cqrfections are ﬁdt used directlj.- The‘value of aiobtainéd
from this study was (a) = (1.9 # o..6)'><'1o’3 as listed in Table 2.
This is closer to the l6O'value than to the_much.largerbhHe value,
and says something was wrong with the hHe calculatior. We concluded
that direct excitation of the ¥* state via the Ek momenp of,lSESm
must be qénéidered. |

The‘effept'of EA singie excitatioh is more important with hHe

vrojectiles (and even more so with protons) than with heavier ions

because the 2nd order Z2 excitation is not so overvhelmingly large
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compared to the weak Eb proceés.' Thus it should bé possible to
measure the reduced Eb tfansitibn moment , B(Ekj Q+h), by a careful
measuréméht of the Coulomb exéitétion yield of the 4+ state with

hHe particles, if the B(E2;0+2) and B(E2; 2-4) are known; the ratio
of'the‘exﬁerimentél yield of tﬁe Lt staﬁe to thaf calculated'from'.'
tﬁe B(EZ) values alone can be compared with ratios_calcﬁlated fof
_differenthAIue§ 6f;<0+"ﬂKE4)"hf>.' In Fig. 3,15 shéwn a plot of

152

such ratios for 10.kh MeV AHé ions back-scattered on Sm (ref. 23).

The largest source of error comes from the two B(E2) values. Tt
can be seen that.a_smali error in theh‘makesfa proportionateiy

* much laréer bhange‘in the EM matrix eiemeht; as the total increase
in cross section from that with B(Eh) =:O'is>0nly-11% in this
exampieg The major correction to the calculatéd_cfosg section
“comes from the-quantal:corrections; for 1523m éxcitéd'by 10 MeV

"He this amounts to a l%'redﬁétiéniin the calculatéd 2% cross

section and a 7% reduction in the h+.one,.but'thesé result in ;lmost‘

152

"a 30% increase in the reduced E4 matrix element for Sm (ref.'2h);

A number of hexadecapole moments have been measured by this

23~ ’ :
3-29 and a partiel listing of the

technique in the last two years,
reduced metrix elements .is given in Table L. The values are quite
large, COrresponding to reduced transition proabilities of over

100 B(EL)sp. Values of Bé and Bhﬂderi?ed from these B(EL) values

and the corresvonding B(E2; 0-2) ones by model dependent calculations
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are in general agreement with theoretical values for the rare-

earth region.3o 152’l_shSm

15

Four separate groups have measured ; the

values for 2Sm agree, within the stated errors, and the values

15k

“for Sm do not quite agree. The main difference in the answers

comes from the choice of B(E2) values used.

Static Quadrupole Moments.
A special case of multiple Coulomb eXcitation is the process

2,31-33. It appears in perturbatidn

known as nuclear reorientationf
theory as an.interference between the first- aﬁd éécond-drder Dro-
cesses connecting the ground state and the excited state, aﬁd makes
the yield of theAléttér slightly’dependent upon the signs and |
magnitudes of the'quadrupole moméﬁts of the ground and excited

states. TFigure ha shows this situation for an even-even nucleus

S + . ) SO
where only the 2 excited state has a static quadrupole moment, -and

illustrates how the name originated. In addition to thé redrieﬁta—

tion process, the ot state'cah be reached by (virtual) excitation
through other states,.of which a higher 2+ state and the giant
dipole séate are éhown as exam?les'in Fig. Ub. 'The yield of the’
2+ state muét be éorrected for these additional modes in order.tov
determine.fhat due to the recfientation process itsélf,and the sign
of the matrix elements cennecting these states cén introduce an
ambiguity into_;hé answer. The perturbation éxpression for the

ratio of the reorientation effect to the first order proééss has
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the fohﬁ
(12) ' , ' .
Piap s <2'ImiE2)l2hk(g,8) (k)
Pi-<>11~'l Zy L¥h /A, | | -

where subscript 1 refers to the projectile, subééript 2 to the

target, AE is the excitation energy, (2,"WHE2)”2+Xis the reduced .

static E2 matrix element of the 2 state of interest, and K(£,6)

is a'function which varies relatiVely slowly withii but decreases .
quite ﬁérkedly from 6 = T to 8 = 0. The measurement caﬁ be done by
determining the ot yiéld as a function of the projectile‘atomic
number ér of the projéctile'séattering ahgle, But in either'case
the experiment feQUires considerable care és the effect is onij of

{

the orderfof_lO%VWith 16O beams. ”Clearly, theréjis~ah advantage

in going tc heavier projectiles.

One of the earliest and most exciting reorientation éxperi-

ments was. the determination of the static quadrupole moment of the

+ : L :
first 2 state in 1L Cd. The initial results gave a surprisingly.

large Vélue, almost’equal to the rigid-rotor value defived from

the reduced transition probabillty,3 36 B(EE;_O*Q),although the

energy level spacings of such ‘a nucleus suggest;a harmonic vibrator.

- A truly harmonic vibrator, however, has a zero quadrupcle moment,

and it was difficult for theoreticians to calculate the large value

W
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observed.’ Considerable interest was stimulated, and most of the
poss1ble reorlentatlon methods were used to’ measure thls
11, 38-b2 ’
nucleus. The results are llsted chronologlcally in
Table 5 the values found range from o to O 85eb Clearly, some
of the experiments must be in error. . For the flrst three experl-
ments involving ylelds determlned from (partlcle c01nc1dent)
34~ 36
gamma—ray 1ntens1t1es, the attenuation of the gamma—ray
angular dlstrlbutlon from the Cd nuclei rec0111ng out of the target
L ' '
into a vacuum had been neglected. As learned later, this attenua-~

tion depends on the recoil velecity, and_henee on the projectile

mass (at a given particle velocity). 1In the detector configuration

used this leads to too'large:a‘reduetioﬂ‘of the gamma-ray intensity

with heavier iohs, hencedtoe'large a valuebfor Q2+?’ This effect.
has now been studied with l60 heams, and the gamma—ray experiment
has been repeated, giving a lower»value.hl' Experiments comparing
the ihtensities of the inelastic and elastic‘peaks_have given
still lower values, but also the'high‘value} ahd ittis not se
easy to see the origin of the differences hereu: However 'the-Qg
determined in this way does depend upon the value of. B(E2 0*2)
which is used or 51multaneously deternlned, and there is a 104
sopread in these_numbers or‘just_about-enough to_help explain thed

Q,, discrepancy.  Measurement of the B(E2) by an independent method
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would help resolve the situation.

Although it now seems that the value of Q2+'for lthd is not

as big as the rotor value, a valué of the ofdervof‘;(0.3-0.h) eb?

must still be explained.]»'l’hl’l‘2

Anharmonicitiesvor asymmetries
in the nuglear potential surface can yield non;zero Q2+. For
example, Tumura and. Udagawéu3 calculate a value. of the right order
of magnitﬁde by considering.mixing of the one- and two-phonon 2+

states. .

A much more expected experimental result is the trend of Q2+
_;36,kb-b7 '

found in the Nd and Sm nuclei’ as one goes away from N = 82

toward heavier nuclei, Fig. 5. At N = 84, thé value of Q2+ for
Nd is vanishihgly small, but the addition of more neutrons

beyond the qlosed shell polarizes the 82-neutron core to yield

deformed nuclei withvappfeciable values of the quadrupole moment.

In fact, tﬁé addition of only 4 neutrons beydna the‘cloSed sheli
givés monents for lLl8Nd and 15OSm which are equal'td, or greater
than,.tﬁe rigii rotor values. |

| It'mdy»also be seen in the same figure thaﬁ the Ba nuclei with
fewer than 82 neutrons show an increasing static.quadrupole moment
asvthe ﬁgmbcrlof neutron hoies in iﬁCreaéed, that is; an increase'
in the_polarizétion of ihe cofe also_és Qne‘moves.below‘the magic
numbef. But the differénffsets of measuretents give different

36,48,49

signs, an even more startling development. than with the



-18-
11k ' ) o ) )

Cd results, where only the magnitude was in question. This
situation certainly calls for a careful reinvestigation of these
Systems. -

The final set of even-even nuclei to be mentioned are Pt

and Os. Experiments by the‘Pittsburgh groupso“52 have given

quadrupole moments (Fig. 6) that clearly go from large negative

. - .- 198
values in the light Os nuclei to a large positive value for 9 Pt.
- These data prdvide nerhaps the most direct evidénce that a tran-

sition from prolate to oblate shapes has oCcurred in these nuclei.

A diffefent type of reorientation measurement, that of. the preces-
sion of the y-ray angular dlstrlbutlon,5 2 has also indicated the

oblate nature of lghPt.

\
- |
No mention has been made of light nuclei in this talk, nor ; : !
of odd-mass nuclei, but not because they have not been studied.’ i
Reorientation studies in light nuclei have been éxtensively pur-
sued, and bring in the two new features of projectile reorienta- ‘ :
tion and rcorientation measurements using analysis of the Doppler-
broadened gamma-ray lineshapes, but this subject will be

covered in the following talk by Dr. Hiusser. In éddition,- ’ ' ' !

interpretation of gquadrupole moments of light nuclei, both static ‘.

and dynamic, will be given in a later presentation by Dr. Cline.

Odd-mass nuclei have been omitted purely because of time limitations.

.
i
i
1
i

Finally, T should mention the future use of still heavier ions
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in.Couldﬁbreicifation. There is'éﬁ intéfésting c_ontribrutio}x_il'3 to
this séssion in which“a low—energyv(O;T HeV/nuc)lalBr beam was
used to do a reorienfation experimént on_17oEr;:£he‘ﬁigﬁ.Z of the
projectiie tends to magnify the reorientation effect; and the low
energy guérantees-no nuclear penetration and gfeatiy reduces the
effectsvof higher-lying states. The result is é good éompfomise
to the conflicting requireﬁeﬁts mentionéd at thé bégihniﬁg that
n>>1 but &<l; if a variety of ions are available, ihe compromise
can perhaps be optimized for a'jarticular type of experiment.. But
‘With still Heavier ions of ehergies capable of reaching neaf the
Coulomb Barrier, the whble range of mulﬁipleveXCitation studies
‘will be enlérged greatly,vDopplef-shift studies Wili become easier .
and more impértént,.and new processes, suchvas;CQulomb—ekéited_
fissioﬁ; may become possible. ” The last figure shows thégcalcuiated,
excitaﬁion érobﬁbiiiﬁies fdf tﬁe ground-state rbtatioﬁal band of
»238U vwith a numter of heavy>projectiles; the dashed line"at.i%
probability ihdicétes a p;obability wnich can conveﬁiéntly bé seen
with ﬁresént techniques for ions up to 1IO,Ar. ‘Using_this‘ériterion,

2t : - ' : . 38,
the 34 state spould be observable by the use of Fbon "~ U. Just

n

ground band will be & verv interestings develovment for present-da;
D g . . v M by -

and on the origin of the
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"baék—behding" observed in ground-ﬁand énergy-ievel spacing in
certainvnuclei.56 Butvtd determine quantitative dgﬁa from. such
measurecents, e.g. B(E2) values, wi;l réqﬁire much larger or

rore efficiently arranged computer codes than now exist in order

to take into account the effects of a great number of states,

and will necessitate an experimental program of carefully deter-

mining a.great number of B(EZ) values with a series of smaller
projectiles, asvthe néceséary inputzdata will have to be buiit_.
up, matfix element by matrix element. In addition, it would |
appear that accuréﬁe resuits from multiple e%citation étudies,
even some of those'already perforemd with moderate—#ized pro-
jeCtiles} may have to await the calCulation-of-good_high—order-v
quantal cérrectipns. But, the pfospects fdf Coﬁiomb excitaﬁion

 studies in the future are very exciting..
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Table 1. Values of (a ) from B(E2) and Energy Level Measurements.l6
Hucleus lO.3 (o) from B(E2) -10° B/A from 0,2,4 levels
1665, -(2.121.0) £ 0.9%0.2
oy -(1.3£0.9) L  0.6:0.1
e -(0.5t1.0) ' ~ 0.5%0.1
R -(1.6t1.0) | 0.50.1




Table 2. Average values of o for

~-28-

lSQSm.

Method

103'(a )

Multipleiﬁxcit., réf. 20
Multiple Excit., ref. 16
Multiple Excit., ref. 21
_B/A from 0,2,4 levels

Plunger, ref. 22

3.kt1.0

2.741.7

1.7+1.k
6.7+1

1.9%0.6

L’

e e e
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Table 3. . Correction (in Percent) to Calculated B(E2; I - I-2) of
15250 from SU Hev l60 Scattered at 160° (ref. 21).

Causé' . I=L v I =6 I =
B-band - -1.0 - #1.h +0.
y-band = . +1.5 . +1.8 N +1.
K=0 octupole band . +0.4 +3.6 f8.
K=1 octupole band +0.9 1.2 L -3.6
E4 moment B +3.7 +10.5 - +19.6
Total . ; +5.5 +16.1 +26.

10° 60 ' +3.7  +3.2 +2,
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Table 4. Reduced Hexadeéapole Matrix Elements

+ ) +
Nucleus ‘ : Reference - ChrimCen) o™ )
' ' in eb
525y v - 23 R . 0.45%0.09
a 27 :  0.35%0.07
28 0.47+0.07
29 ~ 0.37+0.09
Whsn e . 0.67:0.08
' 2T . 0.43+0.08 .
28 © 0.65%0.05
29 : 0.54%0.11
15844 a 27 : - 0.39%0.11
28 . 0.39%0.09
16064 - 27 | | 0.36+0.10
162p, | 27 ~ 0.27£0.10
,16uDy : 27 - 0.28%0.11
28 A ' 0.25%0.16
166 B o . +0.12
Er 21 > 0.06_,'1g
28 B 0.12:0.18
168 U R - +0.12
Er o , - o 0.20_ 15
28 - 0.12+0.20
170 } o ' +0.1bL
Er 21 , 0.24" 'Ta

(centinued)




=R ) N N
...3:]_..
Table 4 (continued)
: + +
Nucleus Reference <h'"7IL(Eh)gO )
- in eb
- Ty 28 - 0.23+0.17
230Th 25 1.04+0.21
232, 26 1.60%0.27
23#U 26 1.70%0.10
236y 26 ©1.23%0.28
238U 25 1.12+0.23
238Pu _ o6 1.45+0.21
2u0Pu . 26 1.18+0.22
2ho . : +0.3
Pu 26 . 0.70_0.)_}
oLl ' 40,7
Pu 26 0.0°°¢
kb 26 20.Lt0.L
?l‘6Cm 26 - -0.L4+0. 4
k8., 26 0.0%0-b

"T-0.6
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Table'S; Quadrupole Moments of lthd.
Reference B(E2; 2 ; 2) Q2+
in e in eb
34 | 0.51 #0.02 -0.70%0.21 .
3ka | -0.6 #0.2
35 0.561+0.005 -0.8510.15
36 0.48 #0.05 -o.h9¢d.25
37 0.509+0.009 +0.05%0.27
38 0.561£0.017 ~0.680.09
39 ~ .-o.6uto.19
Lo —0.5510.17
L1 0.498£0.027 ~0.40%0.12
11 0.513+0.005 . -0.28+0.09
o | -0.35%0.07
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'FIGURE CAPTIONS
Fig, 1. Projectile of atomicvnumber'Zl.Coulombically scattered

valong cléssicai;hjpérbolic orbit bj'ﬁarget nucleus Zé. Torque
exerted oﬁ 1étter'through its electric.moments causes excita-~
tion (rotation) of the target.

Fig. 2. Schematic view.of recoil-distance Doppler-shift method
used. for ‘measuring ground-band lifetimes_éf 525, (ref. 22).

Fig. 3. ‘Relationshiﬁ Between reduced Eb matrix.elemeﬁt and a) the
back-scatter cross section for 10.4 MeV hHe ions norﬁalized to
the case of zero Eb matrix element and b) the deformation
parameter, Bh’ using a radius of RO =1.2 A;/3 fm and a 82 which
yie;ds'the experimental E2 moment (ref. 23).‘H

Fig. L, a) Illustration.of interference between 1lst order excita-
tioﬁ of 2+ state and 2nd order:eXCitation,_from which
ﬁfebfightaﬁion process" obtains name. b) Séhe@atic of 1lst
ofder'excitation,~reorientation effect, interference ﬁith
higher—lying 2+' state, and interference by higher-lying 1+

state (for example, virtual excitation through the giant

dipole state).

txj
[

o
.

5. Plot of Q,, for Ba (refs. 36, 18, 49), Na (refs. Wy, 4s)
and Sm (refs. 36, L6, hGa, 47, 47a) nuclei around_neutron

number 82.
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Fig. 6. Plot of .Q,, for Os (ref. 50, 51) and Pt (ref. 52) nuclei
‘vs.:neutron'number.
. S s . 238
Fig. 7. Probability of exciting the level of spin I in U vs.
I for a number of heavy ions, as calcﬁlated by the deBoer-
Winther Coulomb excitation progrém, using only ground-band

levels connected by rigid rotor matrix elements.
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